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Lao.-jCao.zMnOi samples were prepared in nano- and polycrystalline forms by sol-gel and solid 
state reaction methods, respectively, and structurally characterized by synchrotron X-ray difltraction. 
The magnetic properties determined by ac susceptibility and dc magnetization measurements are 
discussed. The magnetocaloric eflFect in this nanocrystalline manganite is spread over a broader 
temperature interval than in the polycrystalline case. The relative cooling power of the poly- and 
nanocrystalline manganites is used to evaluate a possible application for magnetic cooling below 
room temperature. 



PACS numbers: 75.30.Sg, 75.47.Lx, 77.80.Bh 
I. INTRODUCTION 



Mixed valence manganites with perovskite structure 
have been studied for more than 50 years due to the in- 
teresting interplay between electronic and magnetic fea- 
tures. Beyond the colossal magnetoresistance discovered 
in 1994 some manganite systems exhibit also a relatively 
strong magnetocaloric effect at the ferro paramagnetic 
transition temperature [1-3] . The magnitude of the mag- 
netocaloric effect depends on the chemical composition, 
the Mn^^ Mn'^^ ratio and the microstructure. As the 
magnetocaloric effect may be applied for the contem- 
porary cooling systems, magnetic and structural inves- 
tigations of various manganites are needed. This pa- 
per presents results of new investigations on new mag- 
netocaloric materials which might have properties appli- 
cable at room temperature. The report extends investi- 
gations [4-7] of the magnetocaloric effect in manganites 
and compares the effect of microstructure in nano- and 
polycrystalline LaQ ^Cao,3Mn03 systems with that of re- 
lated materials. . 
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II. SAMPLE SYNTHESIS AND 
CHARACTERIZATION 

LqqjC ao,^MnO^ samples were prepared in nano- and 
polycrystalline forms by sol-gel and solid state reaction 
methods, respectively. Sol-gel method [8] started from 
La203, CaCOs and MnO reagents which were dissolved 
in diluted nitric acid at continuous stirring and moder- 
ated heating. Prior to using the lanthanum oxide was 
calcined at 950oC for 24h to remove hydroxide and car- 
bonate impurities. Gelation agent, monohydrate of citric 
acid, was added together with ethylene glycol. The mo- 
lar ratios metalsxitric acidiethylene glycol were 1:10:10. 
The obtained solution was evaporated on a hot plate 
till a homogeneous gel-like product was formed, which 
was later decomposed at 300 C in air. Nanocrystalline 
Lao ^Cao.sMnOs powder was produced by calcination of 
the sol-gel precursor at 600 C for 12 h in air atmosphere. 

A polycrystalline Lao.rCao.sMnOs sample was pre- 
pared by the solid state reaction method using the same 
starting reagents. The mixture of reagents was calcined 
at 900oC in air for 24h, grinded and sintered at 1000 C 
and 1100 C for 24h at each temperature with intermedi- 
ate grinding at room temperature. 

'Synchrotron XRD experiments were carried out in 
the BLOIC beam line (National Synchrotron Radiation 
Research Center (NSRRC), Taiwan) by using a ACCM 
Si(lll) monochromator at a synchrotron wavelength of 
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TABLE I: Structural parameters of Lao.vCao.sMnOs samples 
based on Rictvold rofinoment in the orthorhombic space group 
Pnma (No. 62) of synchrotron radiation (A = 0.0516606 nm) 
XRD patterns measured at 300K. 



cell Nanocrystalline Polycrystalline 
parameter Lao.rCao.aMnOa Lao.TC'ao.:iMnO:j 



a, nm 


0.5435(6) 


0.5473(3) 


b, nm 


0.7691(8) 


0.7739(4) 


c, nm 


0.5436(6) 


5.479(3) 


V, nm^ 


0.2272(5) 


0.2320(2) 



0.0516606 nm. The integrated ID patterns were pro- 
cessed by FIT2D program. The diffraction angles were 
cahbratcd according to the NBS 640b standard sample 
Si powder. Structural refinements were made with X-ray 
data by using GS AS program [9] . 

Samples are single phase and orthorhombic at room 
temperature. The unit cell parameters listed in Table 
1 show that the unit cell is slightly larger for the poly- 
crystalline than for the nanocrystalline sample. A sim- 
ilar tendency to reduction of the unit cell volume of a 
nanocrystalline Lao.rCao.sMnOs manganite was also re- 
ported by Rozenberg et al. [10]. The oxygen deficiency 
equals to 0.01 according to iodometric titration. 

For the grain size determination the Lanthanum hexa- 

boride powder of particle size '^2 fim was used to deter- 
mine the instrumental contribution to diffraction peaks 
broadening. XRD patterns of manganites and LaBg were 
recorded at the same conditions. Profile fitting of XRD 
patterns was performed using pseudo-Voigt function in 
GSAS. Profile parameters of manganites were set to those 
ones of LqBq except for Lorentzian Scherrer broadening 
(X) term which was refined for both poly- and nanocrys- 
talline samples (Fig. 1). The grain size (in O.lnm) can 
be calculated from Scherrer equation. 

The mean grain sizes of the nanocrystalline and poly- 
crystalline samples are around 20 nm and 100 nm, respec- 
tively, as determined from XRD measurements. Accord- 
ing to scanning electron microscopy observations the par- 
ticle mean size of polycrystalline Lao.rCao.aMnOz sam- 
ple was below 0.5 /im, when determined from two dimen- 
sional micrographs. The electron microscopy is known to 
be more sensitive to the relatively larger objects. There- 
fore, it was not possible to achieve enough contrast in 
micrographs of the nanocrystalline manganite. 



III. MEASUREMENTS 

The temperature variation of the magnetic AC suscep- 
tibility and DC magnetization were searched for magnetic 
characteristics by means of the PPMS system. The tem- 
perature dependence of the AC magnetic susceptibility 
was measured at 1 mT amplitude. 

The temperature variation of the field-cooled (FC) and 
zero-field-cooled (ZFC) magnetization were registered at 
magnetic fields of 0.01 and 0.03 T. The DC magnetization 
isotherms were recorded in magnetic fields up to 2 T. 

IV. MAGNETIC RESULTS 

The temperature dependencies of the in-phase compo- 
nent of the AC magnetic susceptibility x' (Fig- 2) re- 
veal that both poly- and nanocrystalline manganites re- 
main ferromagnetic up to the Curie temperature of 266.3 
and 239.3 K, respectively, as defined by the largest slope 
of x'iT). The shape of the x'{T) curves confirms that 
the samples are single phase. The magnitude of the sus- 
ceptibility is almost 3 times smaller for the nano- than 
poly-crystalline manganite. The susceptibility maximum 
observed around 160 K for the polycrystalline sample is 
found at 100 K in the nanocrystalline case. The high 
temperature drop of the magnetic susceptibility of the 
polycrystalline manganite occurs in a relatively narrower 
temperature interval (30 K) than for the nanocrystalline 
one (50 K). The low temperature susceptibility decay is 
approximately five times more abrupt in the nanocrys- 
talline sample. Absolute values of the out-of-phase sus- 
ceptibilities reveal that the magnetic energy dissipation 
is approximately 20 percent higher in the nanocrystalline 
manganite as compared to the polycrystalline one. Such 
a difference reflects a higher structural and magnetic dis- 
order on grain boundaries. The maxima in out-of-phase 
components x"(T) of the AC magnetic susceptibility are 
located around 210 K independent of the microcrystalline 
form. The abrupt decays of the magnetic susceptibility 
hint towards a possibly strong magnetocaloric effect in 
the transition temperature range. The field-cooled (FC) 
and zero-field-coolcd (ZFC) magnetization measurements 
at magnetic fields of 0.01 and 0.03 T (not plotted) confirm 
values of Curie temperatures determined from magnetic 
susceptibility. 

In order to study an influence of microstnicture on the 
magnetic entropy change, the temperature and field de- 
pendence of magnetization was measured. The DC mag- 
netization isotherms only approach the magnetic satura- 
tion state (Fig. 3). However, a 2 T magnetic held does 
not saturate either the poly- or nano-crystalline man- 
ganites at 192 and 150 K, respectively. For the polycrys- 
talline manganite the experimental values of the mag- 
netic moment per formula unit at 2 T and 192 K equal to 
3.0 iiB , is lower than the theoretical spin-only magnetic 
moment of 3.7 j-iB, calculated assuming that magnetic 
moments per Mn^'^ and Mn^+ ions equal to 4 fiB and 3 
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fiB^ respectively. The magnetic moment is even lower for 
the nanocrystalline manganite, achieving only 1.1 at 
150 K. The temperature variations of the spontaneous 
magnetization and the inverse DC magnetic susceptibil- 
ity derived from magnetization isotherms are plotted in 
Fig. 4. They indicate a Curie temperature value in agree- 
ment with values derived from AC susceptibility results. 
For the nanocrystalline manganite the nonlinear shape 
of the inverse susceptibility vs. temperature dependence 
below 240 K suggests additional investigations. 



V. MAGNETOCALORIC EFFECT 

The temperature variation of the magnetic entropy 
change, (I? tS), derived from magnetization isotherms [1- 
3] are plotted in Fig. 5. Remarkable differences can be 
observed between the poly- and nanocrystalline mangan- 
ites. The minimum value of DS for the polycrystalline 
manganite is located at 252 K at 0.5 T magnetic field 
(Fig. 5b). The magnitude of this minimum increases 
approximately proportionally to the magnetic field and 
reaches -2.2 J/kg K at 2 T. This is accompanied by a 
broadening of the DS peak. The latter shifts towards a 
higher temperature (258 K) when the magnetic field in- 
creases from 0.5 to 2 T. The DS vs. temperature curve 
is slightly asymmetric with a faster variation on the high 
temperature side. This was also observed in other poly- 
crystalline manganites and ascribed to a grain boundary 
structural effect [11]. 

Another intriguing feature is that the DS peak ap- 
pears somewhat above the Curie temperature of the 
polycrystalline manganite. This feature seems to be re- 
lated to a specific sample preparation procedure since 
the magnetic susceptibility and magnetization measure- 
ments were made on the same sample and using the same 
thermometer. 

For the nanocrystalline manganite the magnetocaloric 
effect is rather low at 260 K reaching 0.2 J/kg K at 2 
T (Fig. 5a). The magnitude of the magnetocaloric ef- 
fect increases under decreasing temperature and becomes 
roughly constant below 190 K, for all magnetic fields ap- 
plied. One may notice that below 190 K, the magnitude 
of the magnetic entropy change is five times smaller than 
the DS peak of the polycrystalline manganite. 

Due to scarce reports the magnetocaloric effect in the 
polycrystalline manganite may be compared only to re- 
sults of Phan et al. [11-13]. One may notice that the 
magnitude of the minimum DS value for the polycrys- 
talline manganite studied is about 30 percent lower than 
that reported for the single and polycrystalline samples 
[11,12]. Moreover, at 1 T magnetic field the DS peak 
is located about 12 K below the one reported by Phan 
et al. [11] for the polycrystalline manganite. On the 
other hand, one may remind that the DS peak for the 
Lao.rCao.sMnOa single crystal appears at considerably 
lower Curie temperature of 227 K [11]. As it is usually 
observed for manganites, the highest magnetocaloric ef- 
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FIG. 3: The DC magnetization isotherms for nano- (a) and 
polycrystaUine (b) manganites Lao.rCao.sMnOs at various 
temperatures. 
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FIG. 5: Magnetic entropy change around the Curie tem- 
FIG. 4: Temperature variation of the spontaneous magne- perature for nano- (a) and polycrystaUine (b) manganites 
tization (open symbol) and inverse magnetic susceptibihty Lao.rCao.sMnOs at magnetic fields from 0.5 T (top) to 2 
(solid symbol) for nano- (a) and polycrystaUine (b) manganite ^ (bottom). 
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feet is found in single crystals of corresponding chemical 
composition [14]. 

The cooling efficiency of magnetic refrigerant is esti- 
mated by the so called relative cooling power RCP{S) 
corresponding to the amount of heat transferred between 
the cold and hot sinks in the ideal refrigeration cycle [1-3] 
is written as follows 

RCP{S) = DSmaxDTfwhm (1) 

where DSmax is the DS minimum and DTpwHM is 
the full width at half the minimum. Since the relatively 
broad DS minimum extends over about 35 K, the relative 
cooling power RCP{S) of the polycrystallinc manganite 
Lao.rCao.sMnOs is about 55 J/kg, which is 10 percent 
larger than a value reported by Tian et el. [12]. Then as- 
suming a density of 5.95 g/cm^ one arrives to a RCP{S) 
per cubic centimeter of material equal to 327 mJ /cm^ at 2 
T. This value is more than one fifth of the magnetocaloric 
standard of metallic Gd at 2 T magnetic field [15] . There- 
fore it is shown that the polycrystallinc LaQjCa^.^MnO^ 
manganite may be potentially considered as an interest- 
ing refrigerant not far below room temperature. 

The RCP{S) parameter of the nanocrystalline man- 
ganite LaQjCaQ sMnOs cannot be precisely estimated 
using an approach described just above. The entropy 
change DS in the nanocrystalline manganite is small in- 
deed. However, the magnetocaloric effect for this sample 
is spread over a remarkably broader temperature inter- 
val. For example, at 2 T magnetic field, the DS is equal 
to 0.32 J/kg K corresponding to the level of full width at 
half minimum, but spreads over more than 80 K (between 
150 and 230 K, see Fig. 5). That points to the possibil- 
ity that a reduction in RCP{S) due to the magnitude of 
DS, may be compensated by a much wider temperature 
interval. 

According to previous reports the ferro- to param- 
agnetic phase transition in Lao.'jCao.sMnO^ma.ng&m.te 
evolves from the first to the second order when the gran 



size is suppressed towards nanometers [11,16]. The di- 
minishing abruptness of phase transition is revealed by 
the increasing temperature interval where the magneti- 
zation decays around the Curie temperature. Therefore 
the narrow ( about 10 to 15 K ) magnetocaloric effect is 
reported for single crystals [11,12,14] and even for man- 
ganites with 500 nm grains [16] . The present results cor- 
relate with this tendency as indicated by temperature 
width ( 35 K ) of magnetocaloric effect for a polycrys- 
talline manganite with grain size about 100 nm. 

The large width of magnetocaloric effect in the 
nanocrystalline manganite is obviously related to a high 
degree of structural disorder which involves strong local 
stress in MuOq octahedra modifying the Mn — O — Mn 
angles responsible for the lattice, magnetic and electronic 
properties. A thickness of the structurally disordered 
layer on grain surface is assumed to be roughly similar 
both in poly- and nanocrystalline manganites. Thus, in 
the nanocrystalline manganite with mean size about 20 
nm, the remarkable volume fraction located in surface 
layer plays a deciding role in a broadening of magne- 
tocaloric effect. 

Generally, the magnetocaloric effect in various fami- 
lies of materials is known to occur in a relatively narrow 
temperature range [1-3]. This in turn causes that spe- 
cial approaches, as sandwich systems composed of ma- 
terials with a sequence of transition temperatures, are 
envisaged in order to enhance the temperature differ- 
ence between the heat source and heat sink. In the case 
of this nanocrystalline Lao.rCao.aMnOs manganite, the 
relatively broad temperature range, where the magne- 
tocaloric efi'ect is meaningful, allows to overcome this 
limitation, especially when the magnitude of DS may 
be increased by microstructual and technological factors. 
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Figure captions 

Fig. 1. Rietveld refinement plot for nanocrystalline 
(a), polycrystalline (b) powders ofLao.rCoo.sMnOs 
(observed, +; calculated, - (solid line); reflections, 
-(vertical lines); diflFerence bottom). 

Fig. 2. Temperature variation of AC magnetic 
susceptibility for nano- (a) and polycrystalline (b) 
manganitesLao. TCao.aMnOs 

Fig. 3. The DC magnetization isotherms for nano- (a) 
and polycrystalline (b) manganites Lao.rCao.sMnOs at 



various temperatures. 

Fig. 4. Temperature variation of the spontaneous 
magnetization (open symbol) and inverse magnetic 
susceptibility (solid symbol) for nano- (a) and polycrys- 
talline (b) manganite Lao.rCao.aMnO^ 

Fig. 5. Magnetic entropy change around the Curie 
temperature for nano- (a) and polycrystalline (b) man- 
ganites Laf),iCao.3MnOs at magnetic fields from 0.5 T 
(top) to 2 T (bottom). 



